The integration of entangled photon emitters in nanophotonic structures designed for the broadband enhancement of photon extraction is a major challenge for quantum information technologies. We study the potential of quantum dot (QD) microlenses to act as efficient emitters of maximally entangled photons. For this purpose, we perform quantum tomography measurements on InGaAs QDs integrated deterministically into microlenses. Even though the studied QDs show non-zero excitonic fine-structure splitting (FSS), polarization entanglement can be prepared with a fidelity close to unity. The quality of the measured entanglement is only dependent on the temporal resolution of the used single-photon detectors compared to the period of the excitonic phase precession imposed by the FSS. Interestingly, entanglement is kept along the full excitonic wave-packet and is not affected by decoherence. Furthermore, coherent control of the upper biexcitonic state is demonstrated. a)
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We present here a study on single semiconductor QDs integrated deterministically into microlenses 22 . Since these structures allow for a broadband extraction of the excitonic (X) and biexcitonic (XX) photons as well as for enhanced focusing of the resonant laser 23 , they are very interesting structures for applications in the field of photonic quantum information technology. We show that two key requirements are fulfilled by these nanostructures. Firstly, by applying pulsed resonant two-photon excitation of the biexciton, we show that the quantum dot upper-state can be coherently addressed and controlled. Secondly, time resolved quantum tomography is performed on photon pairs emitted by the radiative XX-X cascade of the QD. We take advantage of Heisenberg's relation, expressing that higher temporal resolution in determining the dynamics of the XX-X decay implies larger uncertainty in energy which can be larger than the related excitonic fine structure of the QD. In this situation the "which-path information" is lost and quantum entanglement of the paired photons can be This excitation scheme has become a well established and powerful technique 5, 24, 25 , and is nowadays considered as a critical prerequisite for the coherent generation of entangled photons by QDs. We perform these measurements in confocal configuration with a resonant excitation setup. Typical Rabi oscillations of the biexcitonic and excitonic line intensities are observed when the laser pulse area is increased, accounting for the coherent control of the QD biexcitonic state in the Bloch-sphere 26 . The first maximum of the curves plotted in Fig. 1 (c) represents the first inversion of the biexcitonic population (π-pulse), and the ideal operation point of the source. The FSS of QDM1 and QDM2 is determined by polarization-dependent µPL spectroscopy. The inset of Fig. 1 (a) shows the relative energies of X (blue curve) and In QDs with a non-zero FSS, the spin up and spin down exciton states (respectively labelled |X H and |X V in Fig. 1 (b) ) are non-degenerate and are no eigenstates of the system. The exciton state will therefore evolve with time. One can write the resulting two-photon state as follows 18 : (|DA + |AD ).
One obtains a similar result in the circular basis (R/L). This means that the excitonic phase evolution, which leads to this oscillation, can be tracked by correlating the photons when they are projected in these two bases.
For the quantum tomography measurements we use a time resolved polarization-dependent Based on the experimental data presented in Fig. 2 , the density matrices of the generated two-photon states are reconstructed using a maximum-likelihood estimation. Fig. 3 shows the reconstructed density matrices obtained for the first maximum (Fig. 2, red line) and the first minimum (Fig. 2 , green line) observed on the DD curve of Fig. 2 (red line marked). Fig. 3(a) corresponds to the state of the QD directly after the emission of the biexcitonic photon (left panel for QDM1 and right panel for QDM2). For the sake of comparison, the ideal density matrix (real part and imaginary part) of |φ + between the experimental density matrices for QDM1 and QDM2 is displayed in Fig. 3 (a) . The fidelity
2 ) of the experimental density matrix ρ 1 to |φ + is estimated as 0.73±0.03 for QDM1 and 0.69±0.04 for QDM2. Since the phase in QDM1 is evolving slower than for QDM2, the setup is able to better resolve the oscillation for QDM1 which also shows a higher degree of entanglement. At longer delays, the QD state rotates towards |φ − . Fig. 3 (b) shows the reconstructed density matrices obtained for the first minimum of the DD coincidence curve (green line marked on Fig. 2) . They resemble the |φ − state (rep- resented in inset of Fig. 3 b) ). F (φ − ) is estimated to 0.80±0.03 for QDM1 and 0.68±0.04 for QDM2. Fig. 4 (a) depicts the time evolution of the fidelity to the two Bell states, F (φ + ) and
of the two-photon state. As expected, because of the excitonic phase evolution, the entangled two-photon state evolves between |φ + and |φ − . Interestingly, the oscillations can be clearly observed along the whole exciton wavepacket (plotted on the top panel of Fig. 4 (a) ), indicating that the entanglement of the QD state is mostly unaffected by decoherence. resolution. Fig 5 shows the results provided by the quantum tomography after deconvolution. 
